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ABSTRACT
Millions of tonnes of shredder fines are generated and disposed of globally, despite 
compelling reasons for its recovery. The absence of a review of previous literature, 
however, makes it difficult to understand the underlying reasons for this. Thus, this 
study attempts to investigate and assess what, to what extent, and in what ways 
shredder fines have been addressed in previous research. In doing so, guidelines 
are drawn for future research to facilitate the valorisation (upgrading and recov-
ery) of shredder fines. Previous research concerning shredder fines was identified 
with respect to three main research topics. The material characterisation studies 
are predominantly confined to the occurrence of metals due to their recovery and 
contamination potential. The process development studies have often undertaken 
narrowly conceived objectives of addressing one resource opportunity or contam-
ination problem at a time. Consequently, the full recovery (the retrieval of valuable 
resources and the bulk-utilisation as substitute material) potential of shredder fines 
has been largely overlooked. The main limitation of policy and regulation studies is 
the absence of in-depth knowledge on the implications of governmental waste- and 
resource-policies (macro-level) on actors’ incentives and capacities (micro-level) for 
fines valorisation, which is necessary to understand the marketability of fines-de-
rived resources. Undertaking a systems perspective is the key to recognising not 
only the different aspects within the individual research topics but also the inter-re-
lations between them. It also facilitates the internalisation of the inter-relations into 
topical research.

1.	 INTRODUCTION
The shredding of end-of-life products has been gaining 

speed as an industrial activity worldwide, owing to the in-
creasing consumption of goods. Waste streams such as 
end-of-life vehicles (ELVs) after depollution and disman-
tling, white goods, and industrial metallic scrap feed shred-
ders around the world (Santini et al., 2012; Vermeulen et al., 
2011). The entire process of shredding and post-shredder 
recovery of materials was developed primarily to recover 
metals. 

A typical post-shredder recovery process starts by sep-
arating the shredded material into a light and a heavy frac-
tion. What remains after recovering metals from these two 
fractions is known as the shredder residue. It consists of 
light fluff, heavy fluff, and a fine-grained material which is 
commonly identified as shredder fines or fines (Cossu and 
Lai, 2015; Vermeulen et al., 2011; Zorpas and Inglezakis, 
2012). Globally, the annual generation of fines (0-20 mm) 

from the shredding of ELVs alone amounts to approximate-
ly four million tonnes, which is mostly shared between the 
regions of Europe and the US, while a relatively small pro-
portion comes from Asia (Japan and Korea), as calculated 
from (Fiore et al., 2012), and (Vermeulen et al., 2011).

Even though advanced treatment processes are be-
ing employed to further recover materials (e.g. metals, 
plastics, and rubber) and energy (in incineration) from the 
larger fractions of shredder residues in certain countries, 
shredder fines continue to be disposed of throughout the 
world (Allen and Fisher, 2007; Santini et al., 2012; Singh and 
Lee, 2015a). Heterogeneity and small particle size are two 
prime factors that render the valorisation (upgrading and 
recovery ) of shredder fines technically challenging and 
economically unappealing (Fischer, 2006; Vermeulen et 
al., 2011). Meanwhile, in regions such as Europe, decreas-
ing availability of landfill space, stringent legislation (e.g. 
the EU landfill directive) and policy demands for higher re-
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source efficiency (e.g. the EU end-of-life vehicles directive) 
have been gradually creating stronger incentives for the 
valorisation of shredder fines. Given that this fine-grained 
material (0-20 mm) could comprise as much as 70% of 
the shredder residue (Cossu et al., 2014), its valorisation is 
deemed as essential for the fulfilment of the ELV directive 
targets of 95% recovery and 85% recycling (European Com-
mission, 2000).

Although shredder fines have been studied for decades, 
the research is still in an early phase of development. These 
studies have involved their own specific objectives, and tar-
geted different types of fines and aspects of fines handling 
in varying parts the world (Edo et al., 2013; Gonzalez-Fer-
nandez et al., 2008; Mallampati et al., 2018; Singh et al., 
2016b; Singh and Lee, 2015b). Therefore, a coherent over-
view of the current knowledge levels regarding fines man-
agement is lacking, thus preventing common knowledge 
building and making it difficult to identify central areas for 
future research. Another feature of this body of research 
is that most studies have only addressed one specific as-
pect of fines management at a time (e.g. a specific mate-
rial characteristic or a particular recovery process), there-
by disregarding that changing current disposal practices 
and achieving valorisation is a multi-faceted challenge 
influenced by several inter-related technical, economic, or-
ganizational, market and policy aspects (Andersson et al., 
2019; Iacovidou et al., 2017; van Beers et al., 2009).

This article aims to review and assess the contribu-
tions and limitations of previous studies on shredder 
fines in order to provide a coherent overview of current 
knowledge levels, and thereby, guide future research on its 
valorisation. In doing so, we first identify which topics of 
fines management have been studied, in what ways and 
to what extent, and then assess how these research ap-
proaches have influenced the breadth and depth of current 
knowledge. Beyond specific guidance of how the research 
could be further improved topic-wise, an emphasis is also 
put on the inter-relations between the different topics of 
fines management and how such a systemic approach 
could support the development of valorisation strategies. 
Knowledge gaps of relevance for the valorisation of fines 
in terms of topics or aspects not yet addressed by the re-
search community are also discussed.

1.1	Abbreviations
•	 ELVs: End-of-life vehicles
•	 MSWI: Municipal solid waste incinerator 
•	 FDRs: Fines-derived resources

2.	 METHOD
A three-step analytical approach was undertaken in 

this study (Figure 1). The initial part involved the search 
and selection of literature concerning shredder fines based 
on pre-determined procedures and criteria (Cronin et al., 
2018). Subsequently, the selected articles were first divided 
into different research topics displaying the main aspects 
addressed. Within each topic, the literature was reviewed in 
regard to the objectives, methodological approaches, and 
main contributions of the studies (i.e. the type of generated 

results). Finally, guidelines for future research on shredder 
fines valorisation were derived via an assessment of the 
limitations in scope and applicability of the reviewed litera-
ture. The relevance of the inter-relations between research 
topics in facilitating fines valorisation, was also investigat-
ed in order to analyse the needs for employing a systems 
perspective in future research.

2.1	Selection of literature
The literature search was conducted using the biblio-

graphic database Scopus and by considering all the avail-
able literature since 1975. Scopus is the largest database 
of peer-reviewed scientific literature, drawing from more 
than 5000 publishers (Scopus, 2018). Therefore, it was 
assumed that limiting the search to this database would 
still enable us to reach an adequate domain of scientific 
literature. In order to obtain all the literature encompassing 
shredder residues including shredder fines, the following 
sequence of search words was used for searching within 
the field “Article title, Abstract, Keywords” of the database:

{shredder residue} OR {shredder residues} OR {shred-
der waste} OR {shredder wastes} OR {shredder fine} OR 
{shredder fines}.

The reason for including both shredder residues and 
shredder fines in the search terms was the absence of a 
standard demarcation for shredder fines, as it is always 
identified for a particular shredding facility (Morselli et al., 
2010).

The search resulted in 518 articles. The titles, abstracts, 
and keywords of these 518 articles were subsequently 
read in order to screen the articles that had a relevance 
to shredder fines. A maximum particle size of 20 mm was 
used in order to demarcate fines from other shredder resi-
dues, which is apparently the most appropriate according 
to current literature (Allen and Fisher, 2007; Edo et al., 2013; 
Izumikawa, 1999; Lanoir et al., 1997; Morselli et al., 2010; 
Reuter et al., 1999; Santini et al., 2012; Vermeulen et al., 
2011). Literature that did not specifically address shred-
der fines (i.e. shredder residues of a particle size <20 mm) 
were disregarded, and 42 articles were initially selected for 
the review. 

2.2	Establishment of research topics and an over-
view of their content

The 42 selected studies were first reviewed mainly by 
reading through the title, abstract, and conclusions in order 
to identify which research topics they addressed. In total, 
this initial review led to the identification of three main top-
ics, namely material characteristics, process development, 
and policy and regulation. 

Fifteen articles were found concerning studies that 
have conducted different types of chemical and physical 
characterisations of the material. While some of these 
studies involve detailed characterisations of shredder fines 
specifically, others have characterised shredder residues 
as a whole and thereby only present limited information 
about the specific properties of the fine size fractions (<20 
mm). All these studies, however, were categorised under 
the topic of material characteristics.
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Twenty-nine articles were found to focus on the de-
velopment of technical processes for the treatment of 
shredder fines. Such studies investigate one or more of the 
following aspects: the recovery of specific materials from 
fines, the bulk utilisation of fines as a substitute material, 
and the reduction of the environmental risk of fines for dis-
posal. This type of studies was categorised under the top-
ic of process development. Unlike the studies in material 
characteristics, almost all of the literature in the process 
development category explicitly addresses shredder fines.

Four of the selected articles involved studies address-
ing the implications of governmental policy and regulation 
on the management and recovery of shredder fines in par-
ticular or shredder residues in general. The main reason for 
also including policy studies on the management of shred-
der residues (two studies) here was that such regulations 
could directly affect the conditions for the valorisation of 
shredder fines. These studies were categorised under the 
topic of policy and regulation. 

It is worth noticing that some of the selected articles 
deal with more than one research topic. In such articles, a 
particular topic is always the primary focus while the oth-
ers are secondary and thereby only partially addressed. For 
example, as part of process development (primary focus), 
material characterisation was performed (secondary). Dur-
ing the categorisation of the literature, such articles were 
included in both topics.

The studies within the identified research topics were 
then reviewed in detail to provide an overview of their dif-
ferent research objectives, methodological approaches, 
and main findings (i.e. the type of results generated). The 
intention behind such an overview was to facilitate the sub-

sequent assessment of the scope and applicability of the 
main findings obtained within each of the research topics. 

2.3	Formulation of guidelines for future research 
As a means of formulating future research guidance, an 

emphasis was put on assessing how the scope and appli-
cability of the provided results within each of the identified 
research topics could be further improved. This topic-wise 
assessment, however, was also complemented by a sys-
tem perspective targeting the inter-relations between the 
research topics and how studying such inter-dependencies 
could further facilitate shredder fines valorisation. 

2.3.1	Assessment of scope and applicability of studies 
within the research topics

The specific aspects of fines and their management 
studied under the research topics, are regarded as the 
scope. Thus, the assessment specifically targeted the re-
search objectives and the breadth and depth of studied 
aspects within each research topic. This scope assess-
ment was further supported by benchmarking the topical 
fines literature against more mature research on munici-
pal solid waste incinerator (MSWI) bottom ash, displaying 
important aspects and knowledge levels for enabling the 
development of valorisation strategies. It is a comparable 
production residue to fines in terms of physical properties 
(e.g. heterogeneity and particle size) and chemical compo-
sition, and the fact that material characteristics can vary 
significantly depending on the input materials and incinera-
tion process. Review articles concerning MSWI bottom ash 
(Dou et al., 2017; Lam et al., 2010; Le et al., 2017; Margallo 
et al., 2015; Silva et al., 2017; Verbinnen et al., 2017) were 

FIGURE 1: Illustration of the methodological approach of this paper.
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primarily used as a means for conducting the benchmark-
ing, while other literature was also used when necessary. 
Regarding the applicability of the reviewed topical liter-
ature, it was viewed here as the specific situations and 
settings under which the generated results are valid. Thus, 
this assessment involved a methodological review of how 
specific aspects of fines/fines management were studied 
within each research topic and in what way such proce-
dures influence the applicability of the results.

The assessment of research in material characteristics 
was performed on the premise that the purpose of material 
characterisation would be the subsequent development of 
upgrading and recovery processes. There, for a heteroge-
neous material such as fines, a comprehensive knowledge 
of the chemical and physical properties is crucial (Allegri-
ni et al., 2014; Fiore et al., 2012; Hernández Parrodi et al., 
2018a). The scope was assessed in regard to the sufficien-
cy of properties and the level of detail in characterisation. 
This was assisted by benchmarking against the MSWI bot-
tom ash literature. The applicability was regarded as the 
undertaken sampling procedures and the material itself 
that was characterised (i.e. origin, quantity sampled, and 
particle sizes analysed). The applicability was assessed 
primarily concerning the ability of the sampling procedures 
to capture the variation of material composition, which 
contains crucial design parameters for the processes de-
velopment (Allegrini et al., 2014; European Commission, 
2004). The conditions due to materiality (i.e. origin, quan-
tity sampled, and particle sizes analysed) were also con-
sidered.

The assessment of research in process development 
was performed based on the premise that the purpose 
of process development would be to recover valuable re-
sources as well as avoid landfilling (by bulk utilisation as 
a substitute material). The scope was assessed regarding 
the sufficiency of the investigated aspects, i.e. the types of 
processes investigated, targeted resources and/or contam-
inants, and studied process attributes (e.g. pre-treatment, 
operating parameters, recovery efficiency, output charac-
teristics, etc.) to enable full valorisation (i.e. the realisation 
of the full recovery potential) of shredder fines. Once again, 
this was assisted by benchmarking against MSWI bottom 
ash research. The applicability was assessed primarily in 
regard to the scale of operation for the developed process-
es, which is a direct indication of the technology readiness 
level (Mankins, 1995), and the material itself (i.e. origin and 
particle sizes) for which processes were developed. 

The assessment of research in policy and regulation 
was performed based on the premise that the purpose of 
waste policy and regulation is to govern waste manage-
ment, and such governance usually takes place at differ-
ent socio-administrative levels (Hansen et al., 2002). The 
scope was assessed primarily based on the governing level 
on which knowledge was created, and the types of policy- 
and regulation-implications investigated within these lev-
els. Such assessment presumes that typical top-down-driv-
en policy research would not create adequate knowledge 
on the actor level, where the valorisation actually takes 
place (Rocha et al., 2007; Sabatier, 2019). Benchmarking 
against MSWI bottom ash research was performed to as-

sist in this assessment as well. The applicability was as-
sessed based on the potential of the created knowledge to 
facilitate future policy interventions on the valorisation of 
shredder fines in relation to the geographical area (spatial 
boundaries) of study and the material itself (shredder res-
idue or shredder fines) for which the policy and regulation 
was intended.

2.3.2	 Investigation of inter-relations between the research 
topics

The importance of employing system-oriented re-
search for facilitating the valorisation of industrial residues 
is commonly recognized in the literature (Andersson et al., 
2019; Iacovidou et al., 2017; Johansson et al., 2012). Here, 
such a perspective was used to investigate how the scope 
and applicability of shredder fines research could be fur-
ther improved by also considering the inter-dependencies 
between the studied topics. Emphasis was primarily on 
providing guidelines on how the topical research on mate-
rial characteristics, process development, and policy and 
regulation could be coordinated to better support the de-
velopment of recovery strategies. This investigation also 
resulted in the identification of new, potentially important 
research topics that have not yet been studied for shredder 
fines, i.e. knowledge gaps.

3.	 GENERAL OVERVIEW OF PREVIOUS RESE-
ARCH CONCERNING SHREDDER FINES

Except for a few early publications, shredder residues 
first started to receive noteworthy research attention in 
the 1990s (Figure 2). Since then, the interest in this top-
ic has gradually increased. Although less than 10% of the 
research deals with shredder fines, the number of publi-
cations addressing the subject has also slowly increased 
during recent decades.

The research could be categorised according to three 
main research topics: material characteristics, process de-
velopment, and policy and regulation. The research inten-
sity is clearly prominent within the first two topics, which 
share 15 and 29 studies respectively, whereas only four 
studies are found within the policy and regulation topic 
(Figure 3). 

In general, the pace of studies concerning shredder 
fines remained low globally until 2015, where a sudden 
increase in trend is visible. In addition, Europe accounted 
for more studies than the other regions. Only studies on 
process development could be seen as dispersed across 
different regions, whereas the studies on material charac-
teristics were almost entirely limited to Europe. However, it 
is noteworthy that despite a sudden influx of process de-
velopment research from Asia during recent years, eight of 
the articles from this region involve the same main author, 
plausibly as a consequence of mainstream research of this 
research group. Research in North America is only repre-
sented by four articles produced in the USA. The scarcity of 
research can perhaps be explained by the complex waste 
legislation, with more relaxed recovery objectives and avail-
ability of land for landfilling (Nayak and Apelian, 2014). 
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4.	 ASSESSMENT OF SCOPE AND APPLICA-
BILITY OF PREVIOUS RESEARCH 

In this section, the scope and applicability of previous 
research on shredder fines were assessed within the indi-
vidual topics based on a review of the studies’ research 
objectives, methodological approaches and main findings.

4.1	Material characteristics
Previous research on the material characteristics of 

shredder fines could be categorised in regard to two main 
objectives: the estimation of recovery potential and the 
estimation of environmental risks of disposal (Table 1). 
Although these objectives target different material char-
acteristics of shredder fines, the studies within this topic 
have collectively established knowledge on several differ-
ent types of chemical and physical properties. The charac-
terised fines solely originate from Europe, and the research 
involves studies on various size fractions. In addition, the 
sampling procedures and type of characterised shredder 
fines vary significantly between the studies. 

4.1.1	Scope-related limitations
One of the main scope-related issues of the research 

within this topic is that the established chemical and phys-
ical properties are scattered among the different studies. 
For instance, in studies targeting the recovery potential 
of fines, characterisation is done as part of developing a 
particular recovery process (Allen and Kolb, 2009; Konet-
schnik and Schneeberger, 2009; Péra et al., 2004; Reuter et 
al., 1999). Given the potential economic value of recovering 
base metals such as iron, copper, and zinc from fines, such 

metals have been a key focus in all of the studies. Conse-
quently, only a few studies have established knowledge on 
the occurrence of other types of resources in fines such as 
plastics, minerals, other metals, and energy carriers. In the 
studies targeting environmental pollution risks (Börjeson 
et al., 2000; Fiore et al., 2012; Gonzalez-Fernandez et al., 
2009, 2008; Lanoir et al., 1997), the characterisation focus-
es on base and heavy metals due to their high contami-
nation potential and the metals-based regulation of landfill 
disposal in Europe. Only two studies have so far estab-
lished knowledge on the presence of other contaminants 
in fines such as different types of organic compounds 
(Börjeson et al., 2000; Morselli et al., 2010). Given that the 
studies within this topic involve characterisation of select-
ed chemical and physical properties for different types of 
fines (due to variations in input materials, shredding pro-
cess, and particle size), a comprehensive understanding 
of both the resource and contamination potential is largely 
absent. As demonstrated by research on MSWI bottom ash 
(Dou et al., 2017; Lam et al., 2010; Margallo et al., 2015; 
Šyc et al., 2018), such comprehensive knowledge on the 
chemical and physical properties is essential for enabling 
effective development of resource recovery processes and 
facilitating the full valorisation of the material in question 
(Fiore et al., 2012; Hernández Parrodi et al., 2018a). 

Another main scope-related issue in these studies is 
that the established chemical composition of fines typically 
limited to the total elemental concentrations. The sufficien-
cy of such knowledge to spur subsequent process develop-
ment is limited, as the form of occurrence of the different 
elements and materials influence both their recoverability 
and environmental pollution potential. For instance, MSWI 

FIGURE 2: Over-time research intensity on shredder residues and shredder fines (< 20 mm) over the last four decades in terms of number 
of publications per year.
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FIGURE 3: Temporal and geographical distribution of research work according to research topics. The dark colours represent literature 
where the respective research topic is the primary focus while the lighter colours indicate that the respective research topic has been 
performed with secondary focus. The number of articles is given within brackets region-wise and research topic-wise. Note 1: Mallampati 
et al. (Mallampati et al., 2016), Singh & Lee (2016a), Singh & Lee (2016b), Singh, Yang, et al. (2016c), Singh, Yang, et al. (2016b), and Singh, 
Chang, et al. (2016a).

Scope-related attributes Applicability-related attributes

Research objective Targeted materials/
properties Material origin Size fractions 

analysed
Total no. of 

samples
Total qty. 
sampled

Sampling 
procedure

Estimation of recov-
ery potential (8)

Base metals a (7)
Heavy metals b (7)
Alkali metals (2)
Alkaline (3)
Metalloids (3)
Inorganic compounds 
(3) c

Organic compounds 
d (2)
Plastics (1)
Fuel properties e (3)
Material fractions f (2)

Denmark: two landfills 
(1)

<10 mm Two 20-40 kg Strategic

Italy: one plant (1) <20 mm One 50 kg Non-systematic

Belgium: one plant (1) <2 mm Two Unknown Unknown

Sweden: one landfill (1) <7 mm Unknown Unknown Unknown

Unknown (4) <4 mm (2)
<19 mm (1)
<20 mm (1)

Unknown Unknown Unknown

Estimation of environ-
mental risk (7)

Base metals (7)
Heavy metals (7)
Organic compounds 
(2)

Italy: two plants (1) <10 mm Two 20 – 30 kg Representative

Spain: two plants (2) <6 mm Two 16 kg Non-systematic

Slovakia: one plant (1) <10 mm One Unknown Non-systematic

Italy: one plant (1) <20 mm Five 16 - 18 kg Non-systematic

France: one plant (1) <20 mm One 50 lit Non-systematic

Sweden: two plants (1) <17 mm Two Unknown Unknown

Studies focusing on the estimation of recovery potential:(Reuter et al., 1999), (Péra et al., 2004), (Bareel et al., 2006), (Allen and Kolb, 2009), (Konetschnik 
and Schneeberger, 2009), (Edo et al., 2013), (Ahmed et al., 2014), (Johansson et al., 2017).
Studies focusing estimation of environmental risk: (Lanoir et al., 1997), Börjeson (2000), (Gonzalez-Fernandez et al., 2008), (Gonzalez-Fernandez et al., 
2009), (Morselli et al., 2010), (Fiore et al., 2012), (Simona et al., 2017).
a. Common metals that are recovered and traded in large scale. E.g. Fe, Al, Cu, Zn.
b. Metals in the periodic table ranging from scandium to bismuth, except for base metals, metalloids, Group I, and Group II.
c. Oxides, carbonates, and sulphates.
d. PCB, PAH, PCDD, and PCDF.
e. Properties that are commonly looked for in a fuel such as heat content, ash, moisture, chlorine, and sulphur.
f. Metals, plastics, and minerals (glass, stone, and sand). 

TABLE 1: Categorisation of material characteristics literature based on research objectives (a total of 15 articles). The number of studies 
is given within brackets.
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bottom ash research has additionally characterised the 
speciation of metals, e.g. oxides, carbonates, sulphates, 
and chlorides (Dou et al., 2017; Lam et al., 2010; Margallo 
et al., 2015). The speciation largely determines the mobili-
ty of metals, which in turn influences the efficiency of any 
recovery process or measures to reduce environmental 
risks of disposal. Studies on MSWI bottom ash have even 
investigated the inter-relations between the chemical form 
of occurrence and the mobility of different components in 
different conditions, such as ageing and varying pH levels. 

Furthermore, the physical and mechanical properties, 
a particularly crucial factor in the bulk utilisation as a sub-
stitute material in construction applications, is absent in 
shredder fines research. In contrast, a myriad of such prop-
erties (e.g. density, permeability, porosity, compressive 
strength, Young’s modulus, deformation strength, Secant 
moduli, effective fringe angle, surface rupture, and global 
shape factor) has been investigated in the bottom ash re-
search (Dou et al., 2017; Le et al., 2017). 

4.1.2	Applicability-related limitations
Current knowledge on the material characteristics 

of shredder fines is not only limited by the breadth and 
depth of the various properties studied, but also by what 
material was actually addressed. The employed sampling 
procedure is the main issue in this regard, where most of 
the studies have only involved a few, randomly collected 
samples of fines from a particular plant. Given that the 
properties of fines from a shredder plant could vary sig-
nificantly over hours, weeks, months and years owing to 
fluctuations in the composition of the feed material, such 
ad-hoc sampling is only capable of providing a snapshot of 
the material characteristics of a continuous flow. This lack 
of understanding about the variation in chemical and phys-
ical properties is critical since such characteristics deter-
mine the technical efficiency and economic viability of any 
subsequent treatment or recovery process (Allegrini et al., 
2014; European Commission, 2004). Even the few studies 
that have employed representative sampling of fines fail to 
address such variation in material characteristics because 
the results are merely reflecting average values. A close 
attempt to address the variation factor has been made by 
Ahmed et al. (2014), using samples from previously dis-
posed of shredder residues. There, the samples were stra-
tegically collected and characterised in order to establish 
the annual variation over a decade. However, results from 
such samples only show the long-term development of the 
material characteristics of fines and not the shorter-term 
(weekly or monthly), which is more interesting for the de-
velopment of resource recovery processes. Furthermore, 
due to the extensive focus on the development of a particu-
lar recovery process, information regarding the employed 
sampling procedure, and thus, what shredder fines were 
actually characterised, is lacking in several studies.

In essence, current knowledge about the material 
characteristics of fines is constrained to a few assessed 
samples taken from a largely limited number of shredder 
plants in Europe (Table 1). In total, only a few hundred 
kilograms of fines have been characterised during the last 
couple of decades, to be compared with the approximate-

ly one million tonnes that are generated within this region 
annually (see Section 1). The need to develop a compre-
hensive knowledge on the material characteristics of fines, 
thus, not only calls for an analysis of a larger share of the 
generated amounts, but also stresses the importance of 
addressing the variations in physical and chemical proper-
ties on the plant, country, and regional levels. For instance, 
regarding MSWI bottom ash, such regional characteristics 
on, e.g. typical metal and metal oxide compositions have 
been established for European, Asian, and other countries 
(Dou et al., 2017), which enables the development of tai-
lored valorisation measures in the respective levels. 

4.2	Process development
The development of technical processes in previous 

research for managing shredder fines is categorised into 
three main groups: recovery of specific materials from 
fines, utilisation of fines as a substitute raw material, and 
reduction of environmental risk of fines disposal (Table 
2). A majority of the studies in the first group involves the 
development of mechanical processes (e.g. shaker tables, 
jigs, eddy current separators) for the recovery of specific 
material fractions such as metals. These studies typical-
ly address resource recovery from the larger fractions of 
fines. Most of the studies belonging to the second group 
have investigated the utilisation of fines as a bulk material 
to substitute sand and gravel in construction-related appli-
cations. The dominating focus of the third group of studies 
is the solvent extraction of heavy metals. What the studies 
in these last two groups have in common is that they pri-
marily target the smaller size fractions of fines. 

4.2.1	Scope-related limitations
In general, the research has mainly developed process-

es focusing on one specific type of resource or contami-
nant. This is implied in that the studies are somewhat scat-
tered in terms of the research objectives, types of studied 
processes/applications, and targeted resources (Table 2). 
The availability of a certain technology and required facil-
ities at the researchers’ disposal is a possible reason be-
hind such narrowly conceived approaches to process de-
velopment. Consequently, the development of integrated 
approaches for the full valorisation of fines has so far been 
largely overlooked. For instance, only 2 out of the 29 stud-
ies have investigated the integration of resource recovery 
and subsequent bulk utilisation of the rest as a substitute 
raw material (Jody et al., 1996; Konetschnik and Schnee-
berger, 2009). Furthermore, in studies on environmental 
risk reduction processes, the key target has been to enable 
final disposal rather than to upgrade fines to facilitate sub-
sequent recovery. In essence, the number of studied pro-
cesses and options for upgrading and recovery of shredder 
fines is yet limited. However, a vast domain of potential 
applications that could be used for integrated process de-
velopment to facilitate full valorisation of fines could be 
identified by comparing against corresponding research 
on MSWI bottom ash management (Figure 4). 

The mere consideration of a variety of potential pro-
cesses and applications for the recovery of shredder fines 
would not be sufficient either. More in-depth assessments 
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of the process attributes are equally important. For in-
stance, in some of the processes displayed in Figure 4, it 
could be seen that both shredder fines and bottom ash 
have been investigated for a particular application. Howev-

er, the research maturity and knowledge about the process 
attributes are substantially higher in the bottom ash liter-
ature. The different process attributes investigated in the 
fines literature are pre-treatment, recovery efficiencies, the 

Scope-related attributes Applicability-related attributes

Research ob-
jective

Type of process / 
application

Targeted resources/
contaminants

Studied process 
attributes

Material origin Size fraction 
(mm)

Scale

Recovery of spe-
cific resources 
(16)

Mechanical separation 
a (9)

Metals as a material 
fraction (3)

Operating parameters (1)
Recovery efficiency (3)
Economic feasibility (1)

Belgium: plant A (1) <2 mm Lab

Spain: plant A (1) <10 mm Pilot

Italy: plant A (1) <17 mm Lab

Plastics as a material 
fraction (2)

Recovery efficiency (1)
Output characteristics (1)
Economic feasibility (1)

Italy: plant B (1) <20 mm Lab

South Korea: plant 
A (2) <0.25 mm Lab

South Korea: plant 
B (1) <1 mm Lab

Several material 
fractions (4)

Operating parameters (2)
Recovery efficiency (3)
Output characteristics (2)
Economic feasibility (2)

South Korea: plant 
C (1) <4.75 mm Lab

Japan: plant A (1) <10 mm Lab

USA: plant A (1) <20 mm Pilot

Unknown (6) 

<4 mm (1)
<6.2 mm (1)
<13 mm (1)
<19 mm (1)
<20 mm (2)

Conceptual
Pilot
Unknown
Conceptual
Lab

Smelting (2) Base metals (2)

Pre-treatment require-
ments (1)
Operating parameters (1)
Recovery efficiency (1)
Output characteristics (1)

Solvent extraction (4) Base metals (4)
Heavy metals (3)

Operating parameters (4)
Recovery efficiency (4)
Output characteristics (3)

Pyrolysis (1) Fuels (1) Operating parameters (1)
Recovery efficiency (1)

Utilisation as 
substitute raw 
material (9) Construction applica-

tions b (5) Shredder fines (5)

Pre-treatment require-
ments (2)
Extent of utilisation (4)
Operating parameters (2)
Output characteristics (4)
Economic feasibility (1)

Italy: plant C (1) <4 mm Lab

UK: plant A (2) <1 mm (1)
<3 mm (1) Lab

South Korea: plant 
A (3) <0.25 mm Lab

Unknown (3)
<4 mm (1)
<4 mm (1)
<6.2 (1)

Unknown
Conceptual
Pilot

Moulding of thermoplas-
tics (2) Shredder fines (2)

Operating parameters (1)
Extent of utilisation (2)
Output characteristics (2)

Wastewater treatment 
(2)

Magnetic fraction (1) Operating parameters (1)
Extent of utilisation (1)

Elemental metals (1)
Operating parameters (1)
Extent of utilisation (1)
Output characteristics (1)

Environmental 
risk reduction 
(9)

Solvent extraction (6)

Base - & heavy metals 
(9)

Operating parameters (8)
Extent of utilisation (1)
Output characteristics (9)

South Korea: plant 
A (1) <0.25 mm Lab

South Korea: plant B <1 mm Lab

Mechanical separation 
(1)

South Korea: plant 
C (5) <4.75 mm Lab

Chemical immobilisa-
tion (1)

Japan: unknown 
source (1) <4 mm Industrial

Physical immobilisation 
(1) Unknown(1) <4 mm Lab

Studies focusing on the recovery of specific materials from fines:(Jody et al., 1996), (Reuter et al., 1999), (Izumikawa, 1999), (Furuyama and Bissombolo, 
2005), (Bonifazi and Serranti, 2006), (Allen and Fisher, 2007), (Allen and Kolb, 2009), (Konetschnik and Schneeberger, 2009), (Lewis et al., 2011), (Santini et 
al., 2012), (Gent et al., 2015), (Singh et al., 2017), (Huang et al., 2017), and (Mallampati et al., 2018).
Studies focusing on the utilisation of fines as a substitute raw material: (Jody et al., 1996), (Cain et al., 2000), (Robson and Goodhead, 2003), (Péra et al., 
2004), (Rossetti et al., 2006), (Konetschnik and Schneeberger, 2009), and (Singh et al., 2016a).
Studies focusing the reduction of environmental risk of fines: (Pera and Ambroise, 2005), (Kurose et al., 2006), Singh & Lee (2015a), (Singh and Lee, 2015c), 
(Singh and Lee, 2015b), (Singh and Lee, 2016a), (Singh and Lee, 2016b), (Mallampati et al., 2016), and (Singh et al., 2016c).
a. Consists of a series of mechanically operated unit operations that separate materials based on physical, magnetic, and electrical properties.
b. Consist of using fines as aggregate in concrete, aggregate in cement mortar, and raw material in cement production. 

TABLE 2: Categorisation of process development literature based on research objective (a total of 29 articles). The number of studies is 
given within brackets. Some studies contain more than one research objective.
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extent of material substitution, operating parameters, and 
output characteristics (Table 2). Recovery efficiencies, the 
extent of material substitution, and the operating parame-
ters (temperature, pressure, flow rates, mixing rates, etc.) 
are the most important attributes to enable the further de-
velopment and feasibility assessment of processes as they 
determine both technical and economic feasibilities, and 
therefore, featured in all the studies. Pre-treatment, owing 
to the heterogeneity and high contamination levels, is an 
important attribute that is often required to upgrade fines 
and make them suitable for a particular application, yet, 
only three studies have addressed it. Characteristics of the 
outputs of a process are necessary to establish due to two 
main reasons. The first is to determine whether the outputs 
meet the user and regulatory requirements; the second is 
in the case of the potential integration of recovery process-
es, where outputs from one process become the input to 
another. The economic feasibility has been investigated in 
only five of the studies, despite being a necessary condition 
for the application in commercial scale. Furthermore, none 
of the studies have addressed all these attributes. The ne-
cessity to perform research specifically focused on some 
of the above process attributes – especially, recovery effi-
ciencies and operating parameters – is understandable at 
this early phase of research in order to closely investigate 

the technical feasibility of processes. However, the realisa-
tion of the developed processes would not be successful 
unless all these attributes are addressed.

4.2.2	Applicability-related limitations
A particularly interesting aspect of the studies within 

the process development topic is that a majority of them 
(20 of 31) investigate processes on a laboratory scale. Four 
out of the five pilot-scale processes are from the resource 
recovery category and deal with the mechanical separation 
of specific materials from fines (Allen and Fisher, 2007; 
Gent et al., 2015; Izumikawa, 1999; Jody et al., 1996), while 
the remaining one represents material substitution in con-
struction applications (Jody et al., 1996). The only process 
that is studied on an industrial scale is the mechanical sep-
aration of heavy metals to reduce the environmental risks 
of fines disposal (Kurose et al., 2006). Three processes 
have been developed on a conceptual basis, plausibly em-
anating from the knowledge and experience of the authors, 
and the scale of operation remains unknown in two. 

The applicability of the results obtained from lab-scale 
process development is limited for several reasons (Man-
kins, 1995). One is the effect of changing process condi-
tions when the scale of operation is increased. An example 
of this is the metals recovery by smelting as a pyro-metal-

FIGURE 4: Scope of process development research concerning bottom ash management and shredder fines. References concerning 
municipal solid waste incinerator bottom ash research: Kinto (1996), Lam et al. (Lam et al., 2010), Rahman & Bakker (2012), Tanigaki et 
al. (2012), Rahman & Bakker (2013), Margallo et al. (2015), Gao et al. (2015), Tang & Steenari (2016), Dou et al. (2017), Silvia et al. (2017), 
Holm & Simon (2017), Breitenstein et al. (2017), and Verbinnen et al. (2017).
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lurgical process. Even though a recovery as high as 98% 
was reported for Cu and Fe when tested on lab scale, a 
dynamic system such as smelting may not reach an equi-
librium between the three phases (metal, slag, and gas) 
on an industrial scale, thus affecting the outcome (Reuter 
et al., 1999). Another major limitation of process develop-
ment on a lab scale is the inability to assess the invest-
ment and operating costs. The possibility of overlooking 
the influence of supply chain factors, which are crucial on 
an industrial scale, is another drawback of being limited to 
lab-scale tests. For example, Cain et al. (2000) have inves-
tigated the use of fines in co-injection moulding to produce 
composite moulds comprised of shredder residue core 
and polypropylene (PP) skin. However, essential physical 
properties such as compressive strength and thermal sta-
bility depend on the material characteristics and quality of 
shredder fines, which in turn depends on the source for that 
material. Therefore, fines from different shredder plants 
(instead of one single source) need to be tested because 
an industrial-scale operation would most likely require the 
supply from multiple sources. 

Regardless of the studied scale of operation, a com-
mon applicability-related issue of the studies within this 
topic is that they typically base the process development 
on a specific type or even sample of shredder fines. This 
means that the process efficiency and performance for the 
upgrading and resource recovery of other fines, with signif-
icantly different material properties, are largely uncertain. 
Yet, in the reviewed studies, information about the origin of 
the fines used for process development and their specific 
characteristics are often scarce – something which makes 
it increasingly difficult to evaluate the applicability of the 
results. 

4.3	Policy and regulation
The research within this topic is divided into two main 

categories (Table 3). In the first category, the focus is on 
how different governmental policies could influence incen-
tives for the valorisation of shredder residues (not limited 
to fines) and increase the competitiveness of the secon-
dary resources derived from this material. These studies 
apply a top-down and macro-level (shallow yet broader 
knowledge on a regional/national level) approach to the 
implications of policy and regulation. Research within the 
second category instead stems from a micro-level perspec-

tive, targeting specific shredder plants and the assessment 
of the marketability of fines-derived resources (FDRs) such 
as ferrous metals, non-ferrous metals, plastics, and mine-
rals (sand, stone, gravel, and glass). These studies provide 
deeper insights on factors such as local institutional regu-
lations for using secondary raw materials and gate require-
ments of potential users of FDRs.

4.3.1	Scope-related limitations
The knowledge provided by the studies on the macro 

level is somewhat superficial as it mainly involves antici-
pated implications of existing or suggested policy instru-
ments. This knowledge is limited due to the small number 
of studies that could only investigate a few policy-related 
issues out of many. Comparing this with the MSWI bot-
tom ash literature reveals several other macro-level impli-
cations such as policy influence on material composition 
(Lee et al., 2014) and triggering resource recovery (Born, 
1994), and governmental decision making to facilitate val-
orisation (Huang et al., 2006). Regarding the micro-level 
studies, in addition to the small number of studies, a signifi-
cant limitation is that they address the implications on sec-
ondary materials rather generally and are confined to reg-
ulatory requirements. In contrast, detailed investigations 
on micro-level implications, including marketability-related 
aspects beyond the regulatory requirements such as sup-
ply, demand, and competition in relation to specific appli-
cations of secondary materials, is evident in the MSWI bot-
tom ash research (Vorobieff, 2010). 

Additionally, the studies within this topic lack an under-
standing of how the involved actors interpret and react to 
different policy stimuli, which is paramount in putting poli-
cy into practice. Such complementation of the micro-level 
perspective with macro-level policy studies is evident in the 
MSWI bottom ash research (Born and Veelenturf, 1997; van 
der Zwan, 1997).

4.3.2	Applicability-related limitations
The main feature that limits the applicability of the two 

macro-level studies is that the focus has been on shredder 
residues in general rather than on shredder fines. Thereby, 
the understanding of the implications of current policies 
on the valorisation of shredder fines has become margin-
alised. However, the general applicability of the findings, 
irrespective of the region of focus in the study, is an ad-

Scope-related attributes Applicability-related attributes

Research objective Governing level Studied policy and regulation implications Region of study Type of material

Study the implications of 
governmental policy (2) Macro (2)

Role of waste-based policies as drivers and barriers 
of valorisation (1)
Influence of market-based policies to create com-
petitiveness for secondary materials (1)

USA (1)
EU (2)
Belgium (1)

Shredder residue

Study the implications of 
institutional regulation (2) Micro (2)

Potential users of recovered materials and gate 
requirements (2)
Regulatory requirements for use of fines as a raw 
material in construction applications (2)

Sweden (1)
California state (1) Shredder fines

Studies focusing on regulatory conformance of valorisation measures: (Allen and Fisher, 2007) and (Johansson et al., 2017).
Studies focusing on policy implications of valorisation measures: (Nayak and Apelian, 2014) and (Dubois et al., 2015).

TABLE 3: Categorisation of policy and regulation literature based on the research objective (a total of 4 articles). The number of studies 
is given within brackets.
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vantage of typical top-down macro-level policy studies. For 
example, the insights created on policy instruments such 
as disposal tax, tradeable recycling credits, and refunded 
disposal tax could be generally considered as a means for 
increasing the competitiveness of local recyclers (Dubois 
et al., 2015). Additionally, such studies can compare the 
driver- and barrier-effects of policy between regions, e.g. 
Europe and the USA (Nayak and Apelian, 2014).

In contrast, the particulars of micro-level studies can 
fluctuate substantially depending on the locality (e.g. state, 
county, or municipality) involved, and therefore, unlike its 
former counterpart, the applicability is geographically con-
fined. Nevertheless, such knowledge is necessary to high-
light the implications of different governing approaches 
for the handling of uncertainties and conflicts of interests 
between resource-efficiency and risk-mitigation objectives 
in different localities, and thereby, to develop locality-spe-
cific valorisation applications. For instance, country-specif-
ic standards have been implemented for the reutilisation 
of MSWI bottom ash in ground construction applications 
such as road base layer, parking lots, pavements, etc. 
Certain countries, e.g. Germany, Denmark, and Taiwan, 
have specified the minimum distance from drinking water 
sources and minimum elevation from groundwater sourc-
es, whereas other countries, e.g. Japan, Denmark, and the 
Netherlands, have specified the maximum allowed quantity 
and thickness (Dou et al., 2017; Van Gerven et al., 2005).

5.	 FUTURE RESEARCH GUIDANCE ON THE 
VALORISATION OF SHREDDER FINES

A prominent feature of the previous research on shred-
der fines is that the studies have often been performed in 
isolation within the individual topics. In such isolated top-
ical research, not only the significance of the aspects of 
other topics is overlooked, but also the various inter-rela-
tions between them. Nonetheless, the valorisation of a het-
erogeneous material such as fines involves the interaction 
of the different topical aspects on different levels. Hence, a 
systemic approach that acknowledges such inter-relations 
(Figure 5) is deemed necessary to complement topical re-
search (Andersson et al., 2019; Iacovidou et al., 2017) con-
cerning fines management. 

The valorisation of fines essentially involves process 
development to derive marketable fractions via exploit-
ing the recovery potential and resolving the material con-
straints. Ragarding that, the key limitation of the previous 
research is that the process development has primarily 
taken place to address one specific resource opportunity 
(e.g. recovery of valuable metals) or material constraint 
(e.g. removal of heavy metals) at a time. Additionally, there, 
the investigation of material constraints is further confined 
to being used as a means for environmental risk reduction 
for (landfill) disposal, rather than for the identification of 
the need for upgrading for subsequent recovery. The afore-
mentioned narrow approach to process development is 
also reflected in the approaches undertaken in material 
characterisation in previous studies. There, the established 
material properties are generally limited to a single type 
of resource (often base metals) or contaminants (often 
heavy metals). Such characterisation would not facilitate 
the process development to harness the full valorisation 
(the recovery of valuable resources as well as the utilisa-
tion of the whole of the material) potential. Furthermore, 
these studies have predominantly employed an ad-hoc col-
lection of one or two samples, which would not reveal the 
over-time variation of composition that provides essential 
process design information. Consequently, the developed 
processes risk ending up redundant. It is also understood 
that research concerning shredder fines is still in an early 
phase where it is natural to investigate a particular topic in 
detail. Yet, the process development for the valorisation of 
such a heterogeneous residue needs to emanate from a 
comprehensive understanding of the material characteris-
tics (a, Figure 5). That is, not only an array of chemical and 
physical properties is established, but also their distribution 
across the different size fractions and the over-time varia-
tion of the composition (Hernández Parrodi et al., 2018b). 
Such characterisation would facilitate the identification of 
the resource and contamination potential fully. Thereby, 
potential users of fines-derived resources (FDRs) could be 
identified for a variety of applications in order to not only 
avoid missing good valorisation opportunities but also aid 
in the integration of different types of recoveries to facili-
tate full valorisation (b, Figure 5). Then, their quality spec-
ifications (market requirements) could be established and 

FIGURE 5: The systemic view of shredder fines valorisation. The arrows represent the inter-relations between the different research topics 
and other aspects concerning fines valorisation that have not been specifically addressed in previous research. a: Knowledge on material 
characteristics to enable process development; b: Knowledge on quality requirements of users of fines-derived resources, to enable pro-
cess development; c: Knowledge on material characteristics to identify potential users of fines-derived resources.
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the upgrading requirements to address the corresponding 
material constraints identified (c, Figure 5). Such a user re-
quirement-based approach to process development, which 
is necessary to produce marketable outputs, is absent in 
the previous literature. 

It is also quite natural to observe process development 
on a lab scale in an early phase of research. However, in 
order to ensure applicability, the results obtained it such 
studies need substantiation on a larger scale (e.g. pilot- or 
industrial-scale) (Mankins, 1995). Furthermore, associated 
sustainability concerns such as environmental impacts, 
costs of the involved processes, and income/savings from 
valorised products could simultaneously be considered as 
part of process development. Examples are the identifica-
tion of particularly significant environmental impacts (hot-
spots) (Joyce et al., 2018), and key sources (material and 
energy inputs) of such impacts and potential substitutes 
(Joyce and Björklund, 2019).

Knowledge on drivers and barriers for initiating valori-
sation needs to be a key element as well in future research 
concerning fines management. There, the context of policy 
and regulation, and actors’ (suppliers and users of FDRs) 
incentives and capacities play a vital role as governing con-
ditions of fines valorisation. For instance, the implications 
of governmental waste policies on fines valorisation need 
to be established: that is, to what extent are the current pol-
icies reflected in legislation, and how are they implemented 
via institutional regulation practices? For example, in Swe-
den, significant uncertainties exist among the local insti-
tutions regarding what quality requirements actually rule 
in different situations and settings concerning the use of 
secondary materials, despite the EU and national policies 
for increased resource efficiency. Consequently, the high 
environmental and human health risk of contaminants in 
secondary resources is preconceived, and over-prudent 
limits on contamination levels are imposed (Johansson et 
al., 2017), which pose a major challenge in producing mar-
ketable FDRs. Providing insights on anticipated future pol-
icy changes is also important. In order to understand the 
real implications of different policy instruments (existing or 
anticipated) in practice, top-down approaches need to be 
complemented by bottom-up research, targeting how the 
shredding companies and potential users of FDRs would 
interpret different policy stimuli (micro-level), and in what 
capacities they would react. Such an in-depth understand-
ing is crucial in the development of necessary policy inter-
ventions to both facilitate the technology development for 
fines valorisation and foster the marketability of FDRs. The 
significance of this perspective in accurately ascertaining 
the potential of residue valorisation has also been recog-
nised in relation to the valorisation of MSWI bottom ash 
(Ribbing, 2007) and other types of industrial residues (Jo-
hansson et al., 2012; van Beers et al., 2009; Van Gerven et 
al., 2005). Some authors (Allen and Fisher, 2007; Johans-
son et al., 2017) have slightly touched upon these aspects 
concerning fines valorisation via establishing the gate re-
quirements of potential users of FDRs; nevertheless, this 
area of knowledge, to a large extent, remains a gap in the 
literature. On the other hand, understanding the marketabil-
ity of FDRs is incomplete without knowledge of the market 

forces at play and the dynamics of business development 
between shredding companies and users of FDRs. The for-
mer constitutes the structural elements of the market such 
as the current flows of shredder fines and their future prog-
nosis, potential user demands on FDRs, and competition 
from other (often primary) resources (Porter, 1985, 1980). 
The latter consists of organisational aspects such as busi-
ness strategies, value orientations, culture, and learning 
processes since it involves a change in current practic-
es for both organisations under a new business contract 
(Peschl, 2007; Pettigrew, 2012). Without a thorough under-
standing of such market and organisational aspects, the 
true marketability of FDRs would not be assessed. Thus, 
endeavours for the valorisation of fines are unlikely to be 
realised and sustained. 

6.	 CONCLUSIONS
The knowledge created in previous literature concern-

ing shredder fines, in general, is scattered and incoher-
ent. The main contribution of this article was to develop 
a coherent overview and an assessment of the previous 
research on shredder fines, and thereby, facilitate future re-
search concerning its valorisation. The previous literature 
has collectively contributed to the development of various 
domains of knowledge, especially regarding specifics on 
the individual research topics, which is essential for the 
upgrading and recovery of shredder fines. Nevertheless, it 
also unveils a significant potential for improvement in the 
same regard. 

Material characteristics studies are almost limited to a 
few common materials and elements, primarily revolving 
around the metal content. Comprehensive knowledge of 
the chemical and physical properties is required to estab-
lish the resource and contamination potential fully. There, 
undertaking strategic sampling procedures to capture the 
variation in composition is of paramount significance, as 
ad-hoc sampling is inadequate to do so. Process devel-
opment studies have often taken place with narrowly con-
ceived objectives, i.e. addressing one resource opportunity 
or contamination problem at a time. In order to facilitate 
full valorisation, it is crucial to identify a variety of valori-
sation alternatives and the potential for their integration. 
Furthermore, the substantiation of lab-scale results in larg-
er-scale operations is essential to make the findings more 
applicable. Incorporating environmental impact and eco-
nomic aspects already in the early phase of process de-
velopment is also recommended to ensure sustainability, 
which is an aspect missing almost entirely in the previous 
research. 

The main limitation of the policy and regulation studies 
is that the macro and micro levels have been investigated 
in insolation. Understanding the influence of governmental 
waste policies and institutional regulation on actors’ in-
centives and capacities to produce and use FDRs serves a 
critical aspect of facilitating both technology development 
for fines valorisation and marketability of FDRs. There, the 
complementation of top-down research (macro-level) with 
actor-level implications (micro-level) is vital. Other aspects 
concerning marketability, such as the structural elements 
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of the market for FDRs and the dynamics of business de-
velopment between their suppliers and users, remain al-
most entirely absent in the previous literature.

Isolated topic-specific research is perhaps necessary 
at an early phase of knowledge development; nevertheless, 
the realisation of shredder fines valorisation is an outcome 
of various aspects, within the different topics, acting to-
gether influencing each other. Therefore, future research 
needs to undertake a systems perspective that shows this 
bigger picture, comprehending not only the significance of 
the individual topics but as importantly their inter-relations. 
It also facilitates the internalisation of the inter-relations of 
the different aspects into topical research.
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